The Rho family small GTPase Cdc42 has been implicated in a wide range of cellular functions including the establishment of cell polarity and the remodeling of the actin cytoskeletal architecture, resulting in the tight regulation of cell growth and survival during developmental processes. The complete knock-out of Cdc42 in the mouse is embryonic-lethal, and its targeted deletion in various tissues has been shown to disrupt tissue homeostasis. Thus far, in most studies, the targeted deletion of Cdc42 occurred during embryogenesis. Here, we have used a conditional gene deletion strategy in mice to probe the specific role of Cdc42 during adult mammary gland function. Cdc42 conditional-knock-out females were unable to adequately nourish their pups, due to a disorganized epithelial compartment within their mammary glands. A closer examination showed that their mammary epithelial cells were not able to maintain functional alveolar lumens, due to an inability to establish normal apical/basal epithelial polarity, as well as proper cell-cell contacts. Loss of these essential epithelial characteristics led to a premature sloughing off of the Cdc42-null epithelial cells. Overall our findings demonstrate that Cdc42 plays essential roles in mammary gland function post pregnancy, where it helps to establish proper epithelial cell polarity and tissue homeostasis during lactation.
The Rho family GTPase Cdc42 has been shown to function as a key regulator in establishing and maintaining epithelial structures in a broad spectrum of multicellular organisms, ranging from Caenorhabditis elegans to Homo sapiens (1) (2) (3) . In vitro two-dimensional and three-dimensional cell culture systems have provided molecular insights into how Cdc42 regulates the establishment and maintenance of epithelial cell polarity and morphology. In two-dimensional cultures of Madin-Darby canine kidney (MDCK) 3 cells, Cdc42 was shown to be involved in the maintenance of epithelial cell morphology, by regulating polarized membrane transport, cell-cell adhesion, and cytoskeletal remodeling (4) . Studies using a three-dimensional cell culture system comprised of MDCK cells suggested that Cdc42 is necessary for proper apical membrane specification (5, 6) , while an analogous system using colorectal carcinoma Caco-2 cells showed that Cdc42 regulates directional vesicular trafficking and mitotic spindle orientation, but not apical-basal cell polarity during cyst formation (7) . Together, these findings demonstrate that Cdc42 regulates epithelial cell morphology at multiple levels, and that its specific functional roles are dependent on the cellular context.
Those actions of Cdc42 that ensure the proper maintenance of epithelial structures served as a forecast of critically important functions for this GTPase in various developmental processes. Indeed, a number of studies using conditional knockout (CKO) mice have shown that the deletion of Cdc42 in epithelial stem/progenitor cells from a variety of tissues results in the disruption of intact epithelial structures, leading to severe and even lethal defects in embryonic organogenesis and tissue homeostasis (8, 9) . Defects in epithelial structure that accompany the deletion of Cdc42 have been suggested to affect cell fate determination, proliferation, survival, and differentiation during embryonic development (10 -14) .
The importance of Cdc42 in the development of the mammary gland, prior to pregnancy, has been suggested from studies using transgenic mice, as well as from experiments performed with primary epithelial cells derived from conditional knock-out mice. The virgin mouse mammary gland contains sparse ductal networks that extend into the mammary fat pad and culminate in terminal end bud units. Upon pregnancy, the mammary gland becomes a high-output secretory tissue, largely through the signaling cues of prolactin and progesterone, which instruct the virgin epithelial bed to undergo rapid proliferation to fill the entire mammary fat pad with alveoli that are capable of milk secretion (15) . At the time of parturition, luminal epithelial differentiation and lactogenesis begin within the alveoli, and continue through the early stages of newborn life, providing sufficient nutrients to sustain the significant and rapid growth rates of the suckling neonates. After weaning, the expanded milk-producing alveoli undergo massive-scale apoptosis, termed involution, with the entire mammary gland regressing back to a pre-pregnancy-like state, awaiting the next round of pregnancy and lactation (15) .
The inducible expression of Cdc42 in pre-pregnant mammary ductal epithelial cells caused hyper-branching of mam-mary ducts and deformation of terminal end bud units (16) . A modest increase in Cdc42 expression (1.5-fold) was sufficient for pre-pregnant mammary ductal epithelial cells to exhibit more invasive phenotypes, thus suggesting that the tight regulation of Cdc42 function is essential for this stage of mammary gland development (16) . Studies in three-dimensional cell culture model systems, using pre-pregnant stage primary mammary epithelial cells, showed that the deletion of Cdc42 inhibited acinar formation by causing defects in apical-basal cell polarity, cell-cell contact, mitotic spindle orientation, cell proliferation, and cell survival (17) . Additionally, the expression of the dominant negative Cdc42(T17N) mutant also inhibited the establishment of acinar structures and, consequently, prolactin-dependent synthesis of milk proteins in mammary epithelial cells (18) . However, introducing the Cdc42(T17N) mutant into established acini did not affect prolactin-induced milk production, suggesting that Cdc42 is essential for establishing acinar structures but not for milk production in mammary acini (18) .
While the studies described above show that Cdc42 plays an important part in normal mammary development before pregnancy, thus far, it has not been demonstrated whether Cdc42 exerts additional in vivo functions during the entire process of lactation. Therefore, to investigate the importance of Cdc42 in mammary alveolar epithelial cells during lactation, we generated conditional knock-out mice in which Cdc42 is deleted specifically in milk-producing alveolar epithelial cells. This was achieved by crossing floxed Cdc42 (Cdc42 flox/flox ) mice with transgenic mice expressing Cre recombinase under the control of the whey acidic protein (WAP) promoter (19) . We found that the deletion of Cdc42 in the lactating alveolar cells of female mice prevented them from being able to sufficiently nourish their pups. This was due to a severe impairment of mammary alveoli formation, resulting from the loss of intact luminal epithelial structures and premature cell sloughing. Interestingly, alveolar cells in Cdc42 conditional knock-out (CCKO) lactating mammary glands still maintained their function as milk-producing cells, and did not exhibit significant defects in cell proliferation and survival during lactogenesis, nor did they show any sign of cellular apoptosis even within the time window when control glands underwent the early stages of involution. When taken together, our current findings show that the ability of Cdc42 to establish cell polarity and cell-cell contacts plays an essential role in ensuring the proper homeostasis of lactating mammary glands. Moreover, they demonstrate that Cdc42 is a key regulator of mammary gland development and function, not only during the pre-pregnancy developmental stage, but also during the post-pregnancy period of lactogenesis.
Experimental Procedures
Mouse Strains and Husbandry-Mice used in this study were housed and handled in accordance with the Cornell University Institutional Animal Care and Use Committee (IACUC). Cdc42 flox/flox mice (controls) were crossed to WAP-Cre(ϩ) Cdc42 wt/flox mice to generate conditional deletion females genotyped as Cdc42 flox/flox; WAP-Cre(ϩ). These females were then mated at the age of 8 weeks, and removed from their breeding partner male after a mating plug was observed. For fostering experiments, litters were fostered to a timed matingmatched mother on day one post-partum.
For pup growth experiments, litter size was normalized to 6 pups by fostering, and then each pup was tail marked for identification. The mass of each pup was recorded daily until the age of 21 days, at which point they were weaned from their mother and placed on standard rodent chow. Pup growth measurement was repeated for five litters, resulting in the measurement of 30 pups total for each strain of mouse. For tissue collection, mice were euthanized by carbon dioxide inhalation, and then the fourth pair of mammary glands was harvested.
Antibodies-Antibodies used for Western blotting and immunohistochemistry or immunofluorescence were purchased from the following companies: anti-Cdc42 (ab64533), anti-Ki67 (ab15580), anti-aPKC (ab4139), anti-N-Cadherin (ab12221), anti-Twist (ab50581), anti-Cytokeratin 8 (ab59400), anti-TGF␤1 (ab92486), and anti-Cytokeratin 14 (ab53115) antibodies were from Abcam Inc; anti-phospho-Stat 5 (CS9359), anti-Snail (CS3879), anti-vinculin (CS 4650), anti-phospho-SMAD 2/3 (CS8828) and anti-E-Cadherin (CS3195) antibodies were from Cell Signaling Technology. Anti-cleaved caspase-3 (AB3623) antibody was purchased from EMD Millipore, anti-␤-actin (MA5-15739) was purchased from ThermoFisher Scientific, and anti-Par 6 (25525) antibody was obtained from Santa Cruz Biotechnology.
SDS-PAGE and Western Blot Analyses-Immediately following euthanasia, the fourth pair of mammary glands was harvested from mice, frozen in liquid nitrogen, and ground using a mortar and pestle. The tissue powder was then suspended in triple detergent buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 0.02% sodium azide, 1 mM sodium vanadate, pH 8.0) with protease inhibitors (10 g/ml leupeptin, 10 g/ml aprotinin) and incubated on ice for 20 min. The extracted proteins were centrifuged at 13,000 rpm for 15 min at 4°C, after which the supernatant was removed and used for Bio-Rad protein assays. Samples were subjected to polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes (Perkin Elmer). The membranes were blocked using 5% milk, and incubated overnight on a rocker at 4°C with the primary antibodies at a dilution of 1:1000. Membranes were then washed three times for 5 min in TBST, and incubated with horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) for 1 h, after which an ECL reagent (Perkin Elmer) was used to obtain chemiluminescence of the signal onto x-ray film.
Whole Mount Staining-Whole mount staining of the entire mammary gland was performed by spreading the gland onto a Superfrost Plus slide (VWR) and then placing another slide on top. These two slides were compressed together for 15 min, with the mammary gland between them, using two 2-inch binder clips. The top slide was then removed and the mammary glands were fixed in Carnoy's fixative (6 parts 100% ethanol, 3 parts chloroform, 1 part glacial acetic acid) for 6 h, after which they were rehydrated using a succession of 20-min ethanol washes (70%, 50%, 25%), and finally, distilled water. Epithelial staining was achieved by submerging the mammary glands (still mounted on one slide) in carmine aluminum staining solution, containing 0.2% carmine aluminum, 0.5% aluminum potassium sulfate, and a thymol crystal, overnight at room temperature. After staining, the tissues were dehydrated by performing 20-min ethanol washes (70%, 95%, 100%), followed by clearing of the tissue through two 20-min washes in mixed xylenes, and mounted and coverslipped using Permount. Imaging was performed using an Olympus SZ-11-CTV dissecting microscope fitted with an Olympus Camedia C-5050 digital camera.
Immunohistochemistry and Immunofluorescence-The fourth pair of mammary glands were harvested from pregnant or lactating females, rinsed briefly in PBS, and fixed in 4% paraformaldehyde for 15 h at 4°C. These glands were embedded in paraffin, sectioned at 5-m thickness, and placed onto VWR Superfrost slides.
For immunohistochemistry staining, the tissue sections were deparaffinized and rehydrated, and subjected to heat-induced epitope retrieval (HIER) using either an EDTA buffer (10 mM Tris base, 1 mM EDTA, 0.05% Tween 20, pH 9.0) or a sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0). Antigen retrieval buffers were heated to 95°C, at which point sample slides were added, and then kept at 95°C for 15 min to induce antigen retrieval. Slides were left in the heated antigen retrieval buffer to cool at room temperature for 15 min, after which they were rinsed using three 5-min PBS washes. Samples were processed using an ImmunoCruz ABC staining kit (Santa Cruz) along with the primary antibodies, dehydrated by 5-min washes with varying amounts of ethanol (70%, 95%, 100%), cleared by two 5-min washes of mixed xylenes, and mounted with Permount (Fisher Scientific). Imaging was performed using an Olympus AX70 compound microscope equipped with a MicroFire camera and PictureFrame image processor (Optronics).
For immunofluorescence staining, tissue sections were deparaffinized, rehydrated, and subjected to HIER as above, and then blocked in 10% bovine serum albumin in PBS for one hour at room temperature in a moisture chamber. Primary antibody dilutions were added to the samples, which were replaced in the moisture chamber and incubated for 15 h at 4°C. Samples were then removed from the primary antibody dilutions, and rinsed in four 5-min PBS washes, followed by incubation in Alexa Fluor 594-conjugated antibody (Life Technologies) for one hour at room temperature in a moisture chamber. Samples were rinsed in three 5-min PBS washes, and incubated in 4,6-diaminodino-2-phenylindole (Sigma Aldrich) at a 1:5000 dilution in double distilled water (ddH 2 O) for 5 min at room temperature. Samples were then rinsed using three 5-min ddH 2 O washes, and sealed with KPL Fluorescent Mounting Media. Epifluorescence imaging was performed on a Zeiss inverted Axioskop equipped with a COOKE Axiocam/ Sensicam camera.
For Fast Green/Sirius Red staining, the tissue sections were deparaffinized by two 10-min washes of mixed xylenes (Fisher Scientific), and rehydrated by successive 5-min washes with different amounts of ethanol (100%, 95%, 70%), followed by two 5-min washes with ddH 2 O. The tissue sections were then immersed in a solution of 0.1% Fast Green, 0.1% Sirius Red, and 1.2% picric acid for 30 min at room temperature, dehydrated by 5-min washes with 95 and 100% ethanol, cleared with two 5-min washes of mixed xylenes, and mounted with Permount (Fisher Scientific).
Primary Mammary Epithelial Cell Isolation and Three-dimensional Culture-The fourth pair of mammary glands were immediately harvested from euthanized 12-week-old virgin Cdc42 flox/flox female mice. Following the protocol from Lo et al. (20) , the glands were minced briefly with two sterile razor blades, then digested at 37°C with 100 rpm rotation in digestion buffer (2 g/liter trypsin (Invitrogen), 2 g/liter collagenase type-iv (Invitrogen), 5% v/v FBS (Invitrogen), and 5 g/ml insulin (Sigma) in DMEM/F12 medium (Invitrogen)). Digested mammary glands were then centrifuged at 400 ϫ g for 15 min at room temperature. The top 15 ml of fat cell-containing medium were pipetted off and resuspended in DMEM/F12, and then centrifuged again at 400 ϫ g for 15 min at room temperature, along with the original resuspended pellet of organoids. The resulting pellets were then resuspended and combined in DMEM/F12 and centrifuged at 400 ϫ g for 15 min at room temperature. This pellet was resuspended in DMEM/F12 containing 2 units/l DNase 1 (Sigma) for 5 min at 37°C with gentle swirling. The suspension was centrifuged at 400 ϫ g for 15 min at room temperature, after which the pellet was resuspended in DMEM/F12 and pulse-centrifuged twice at 260 ϫ g at room temperature. The pellet was resuspended in DMEM/ F12 containing 1ϫ insulin-transferrin-sodium selenite (ITS, Sigma) and 1ϫ penicillin/streptomycin (PS, Invitrogen), and organoids were counted. The solutions were centrifuged at 260 ϫ g for 15 min at room temperature, after which the pelleted organoids were resuspended in Growth Factor Reduced Matrigel (BD Biosciences), and plated in 8-well chamber slides at ϳ200 organoids per well. DMEM/F12/ITS/PS (300 l) were added to the top of the matrigel, and the organoids were cultured at 37°C and 5% CO 2 in an incubator overnight. After 24 h, the medium was exchanged with DMEM/F12/ITS/PS containing 9 nM TGFɑ (Sigma). After 6 days of culture, exchanging the DMEM/F12/ITS/PS/TGFɑ medium every second day, the organoids formed hollowed alveoli. Adenovirus was then added to the medium: control cultures were given Ad-CMV-GFP virus (Vector Biolabs) at approximately MOI 80, while experimental cultures were given Ad-Cre-GFP virus (Vector Biolabs) at approximately MOI 80. Cells were imaged on an Olympus CK2 inverted microscope with an Olympus Camedia C-5050 digital camera.
RNA Sequencing-The fourth pair of mammary glands was harvested from euthanized mice at lactation day 5, and flash frozen in liquid nitrogen and crushed with a mortar and pestle. The pulverized tissue was then homogenized using a Qiagen RNA Shredder kit, and RNA was immediately extracted using a Qiagen RNeasy kit. The extracted total RNA was then sequenced at the Cornell University Institute of Biotechnology Genomics Facility. RNA sequences were then analyzed using the TopHat Alignment and Cufflinks Assembly software on Illumina's BaseSpace website, and further analyzed using the iPathway Guide.
Results

Cdc42 Knock-out Mothers Are Unable to Sufficiently Nourish
Pups-To knock-out Cdc42 in milk-producing alveolar epithelial cells, we mated Cdc42 flox/flox mice (21) with transgenic mice carrying a Cre recombinase gene under the promoter region for Whey acidic protein (WAP), in which Cre recombinase is expressed specifically in mammary alveolar epithelial cells during lactation (Fig. 1A) . Females that were genotyped either as Cdc42 flox/flox ; WAP-Cre(Ϫ) (control), or as Cdc42 flox/flox ; WAP-Cre(ϩ) (CCKO), were then mated to induce pregnancy. Western blotting of lysates from the fourth pair of mammary glands showed a reduction in Cdc42 protein levels in CCKO mothers, compared with controls, as lactation progressed (Fig. 1B) .
Pups nursing from CCKO females displayed severely stunted growth rates (Fig. 1C ). To ensure that this phenotype was due to mammary gland defects in the CCKO mothers, and not a result of potential developmental defects in their pups, we fostered pups born to CCKO mothers to control mothers at day 1 postpartum, and vice-versa. Pups born to CCKO mothers had normal growth rates when feeding from a control mother ( Fig. 1D ), while pups born to the control mothers showed growth defects when feeding from a CCKO mother. After weaning, pups that had nursed from CCKO mothers were able to attain near-normal weights on standard rodent chow, and this growth was accelerated when a milk substitute was added to the food (data not shown). As an added control, pups born to a Cdc42 flox/wt ; WAP-Cre(ϩ) mother were analyzed, and followed the same growth rates as pups nursing from the Cdc42 flox/flox ; WAP-Cre(Ϫ) control mothers (data not shown). Thus, the growth defects exhibited by pups were apparently due to an inhibited FIGURE 1. The conditional deletion of Cdc42 in the lactating mammary gland stunts nursing pup growth. A, schematic timeline describing the conditional gene deletion strategy used in this study, with illustrations depicting the development of the mammary gland in each developmental stage. B, Western blot of tissue lysates showing whole-gland Cdc42 expression from the stages of virgin to lactation day 20 (L20), with ␤-actin serving as a loading control. C, growth plot depicting average weight of individual pups (n ϭ 30) feeding from a CCKO mother (blue), or from a control mother (red), throughout lactation. Error bars represent the standard deviation to the mean pup mass at each given time point. D, growth plot depicting average weight of individual pups (n ϭ 30) that were fostered from a control mother to a CCKO mother (blue), or from a CCKO mother to a control mother (red). Error bars represent the standard deviation to the mean pup mass at each given time point. secretory output of the CCKO mothers, and not from developmental defects of the pups themselves, nor from Cre expression alone. The pups nursed from CCKO mothers did not exhibit increased mortality, thereby suggesting that CCKO mothers can produce a sufficient amount of milk for pup survival, but not enough to support their normal growth. The same growth defects of pups nursing from CCKO mothers were observed in a second round of lactation of CCKO mothers, after a complete period of involution (data not shown). Given these findings, we set out to perform a more detailed examination of mammary gland development in CCKO mice versus their control counterparts.
Cdc42 Knock-out Causes an Impaired Development of Lactating Mammary Glands-We first examined and compared the overall structures of the mammary glands from CCKO and control females. In whole mount images using carmine red staining, both control and CCKO mothers showed normal ductal epithelial development before pregnancy, and we did not detect any significant difference in ductal elongation, ductal branching, nor in the size and shape of terminal end buds (Fig.  2, panels a and b) . However, as lactation proceeded, especially at the end of the lactation phase (lactation day 20), the alveolar units of CCKO females appeared significantly underdeveloped, compared with control females (Fig. 2, panels c and d) . The mammary glands of control mothers showed mature, expanded alveoli, whereas the alveoli of CCKO mothers showed a significantly latent morphology (Fig. 2, arrowheads in panels e and f).
A closer examination showed that the luminal epithelial cells of CCKO mothers exhibited a single-layered structure surrounded by collagen basement membrane, as displayed by staining with Fast Green and Sirius Red, respectively (Fig. 2,  panel h) . Thus, apparently the deletion of Cdc42 in mammary alveolar cells did not affect the transition of a multi-layered terminal bud unit into a single-layered alveolar epithelium. However, CCKO mammary glands lacked the normal epithelial organization found in control mothers. Alveolar cells of control mammary glands formed a smooth inner luminal surface within each acinus and exhibited a flattened squamous epithelial shape (Fig. 2, panel g) . In contrast, many of the inner luminal surfaces of CCKO mammary glands were deformed, and the cells facing alveolar lumens commonly showed cuboidal epithelial structures (Fig. 2, panel h) . We also noticed that several cells in the CCKO glands appeared to have sloughed off from the alveolar structures into the inner luminal cavity (Fig. 2,  panel h, indicated by arrowhead) .
Because the deletion or loss of Cdc42 function has been shown to cause impairments in cell proliferation and increased apoptosis in pre-pregnant mammary ductal epithelial cells (17, 18) , we examined whether the deletion of Cdc42 in mammary luminal alveolar cells resulted in similar defects, thereby leading to latent alveologenesis. Prolactin-dependent signaling is critical for the proper morphogenesis and secretory capability of mammary gland cells during pregnancy and lactation (15) . Activation of the prolactin receptor results in the phosphorylation and activation of STAT5 in lactating mammary glands (22, 23) . We found that the phosphorylation levels of STAT5 appeared to be maintained and even elevated in CCKO mammary glands in the later stage of lactation (e.g. lactation day 20), compared with controls ( Fig. 3A) . These results were corroborated with immunofluorescence staining for Ki67, a marker for mitotic cells, of 5 m-thick sections excised from control and CCKO mammary glands. At an earlier time point in lactation (lactation day 13), CCKO mammary glands showed only a modest increase in Ki67-positive nuclei, compared with control glands (Fig. 3B, top two panels) . However, at a later time point (lactation day 20), CCKO mammary glands continued to display mitotic activity, while control glands ceased proliferating as they entered into the early stage of involution, such that there was no appreciable Ki67 staining (Fig. 3B , bottom two panels, and quantification in Fig. 3C ).
We then analyzed the apoptotic activities of control and CCKO mammary glands, using cleaved caspase 3 as a read-out. During lactation (i.e. lactation days 5 and 10), there was little or no difference in cleaved caspase 3 levels, when comparing lysates from control and CCKO mammary glands (Fig. 3A) . However, at the end of lactation (L20), which is the early stage of involution, control glands showed an up-regulation of cleaved caspase 3 levels, whereas CCKO mammary glands did not (Fig. 3A, third panel from top) . Taken together, these results indicate that the underdevelopment of the CCKO mammary glands is neither due to a reduction in cell proliferation nor to an increase in cellular apoptosis.
Deletion of Cdc42 Disrupts Epithelial Cell Polarity in Lactating Mammary Alveolar Cells-We next examined whether the defects in mammary gland development exhibited by the CCKO mice were related to alterations in the epithelial structure of the alveoli. At lactation day 13, most alveolar epithelial cells in CCKO mammary glands had much lower levels of Cdc42 expression, compared with control glands (Fig. 4, red  arrows in panels a and b) .
The deformation of epithelial structures in CCKO alveolar tissue (Fig. 2, panels g and h) was more evident when cells were immunostained with the apical cell surface markers, Par6 and atypical PKC (aPKC). These two proteins form a complex with Cdc42 at the apical plasma membrane, controlling the establishment and maintenance of apical-basal cell polarity (24) . In control mammary alveolar tissues, Par6 and aPKC were localized at the apical surface of the epithelial cells forming alveolar structures, as shown by immunohistochemistry and immunofluorescence images of 5-m thick sections (Fig. 4 , panels c and e, respectively). However, in CCKO mammary glands, the deformed epithelial cells exhibited only a partial apical membrane localization of Par6, whereas, aPKC lost its apical distribution and was diffusely distributed within the cell bodies ( Fig. 4, panels d and f, respectively) .
Since the de-regulation of Cdc42 has been shown to alter the composition of the extracellular matrix, as well as stromal-epithelial cell interactions in pre-pregnant mammary glands (16, 25) , we examined whether Cdc42 deletion in mammary alveo- lar cells affected extracellular basement membrane structures. However, both control and CCKO alveolar tissues retained intact laminin deposition ( Fig. 4, panels g and h) , and we did not detect significant alterations in the presence of myoepithelial cells, when comparing cytokeratin 14-immunostaining between control and CCKO mammary alveoli (data not shown).
Deletion of Cdc42 Disrupts Epithelial Cell Morphology in Lactating Mammary Alveolar Cells-We next examined cellcell adhesion structures in control and CCKO lactating mammary alveolar tissues. Immunofluorescence images revealed that control alveolar tissues at lactation day 13 expressed Cdc42 and E-cadherin, and that E-cadherin was localized at basolateral membranes and especially at the cell-cell contacts of epithelial cells (Fig. 5A, panels a and c) . In CCKO alveolar tissues, Cdc42 deletion was accompanied by E-cadherin being diffusely dispersed within the cell bodies and no longer congregated at cell-cell contacts (Fig. 5A, panels b and d) . Collectively, these results suggest that Cdc42 is necessary for the maintenance of cell-cell adhesion as well as apical-basal cell polarity in established mammary epithelial cells, such that its loss leads to disorganized epithelial structures in mammary alveolar glands. E-cadherin expression was down-regulated in CCKO mammary glands, beginning as early as lactation day 5 and persisting throughout the entire lactation phase, accompanied by an increased expression of N-cadherin (Fig. 5B ). This alternation in the cadherin expression profiles was observed in luminal mammary alveolar cells (Fig. 5A, panels c-f ). An overall shift in the expression of E-cadherin to N-cadherin often indicates an epithelial to mesenchymal transition (EMT) (26 -28) . We also found that TGF␤1 signaling through SMAD 2/3 appears to be increased in CCKO glands (Fig. 5B) . However, the expression of Snail, which represses E-Cadherin expression and thereby promotes EMT in several tissues during development (26 -28) , was not changed in control versus CCKO glands, nor was Twist, another marker of EMT (Fig. 5B) . Thus, these findings suggest that a full EMT has not occurred.
To identify the differentiation status of the cells comprising the CCKO mammary glands, we examined several markers for mammary epithelial cells by immunofluorescence and found that the expression of cytokeratin 8 (CK8) was up-regulated in CCKO alveoli throughout lactation, as compared with controls ( Fig. 5A, panels g and h, Fig. 5B ). Importantly, although general epithelial structures were disrupted in CCKO glands, lipid accumulation and casein micelles were still apparent in CCKO glands (Fig. 4, panel d, indicated by arrowhead) , suggesting that the deformed epithelial cells retained the ability to produce milk.
Deletion of Cdc42 Causes Premature Cell Exfoliation in Lactating Mammary Alveoli-In the preceding sections, we showed that CCKO mammary glands failed to exhibit properly intact epithelial structures, leading to an abnormal alveolar architecture that contained cells which were detached from the epithelial planes and found within the luminal cavities (Fig. 2,  panel h, indicated by arrowhead) . Studies performed using the three-dimensional culture of primary mammary epithelial cells isolated from Cdc42 flox/flox mice showed that the deletion of Cdc42 (via adenovirus-mediated Cre expression) in antecedently-formed mammary acini caused the epithelial cells to slough off or migrate into the alveolar lumen (indicated by an arrowhead, Fig. 6 ). This provided us with a clue regarding the reason for the apparent under-development of the alveoli in CCKO mice (Fig. 2) , and led us to examine whether this phenotype was the result of the mammary alveolar epithelial cells sloughing off into the lumen and being removed by nursing pups. To examine this possibility, we removed the nursing pups from control and CCKO mothers for five hours before harvesting the mammary glands at lactation day 19, thereby allowing any content within the mammary alveolar lumens to accumulate, instead of being removed from the ductal network and ingested by the nursing pups. Upon this treatment, CCKO mammary glands showed an accumulation of Cdc42-negative cells collected within the luminal cavities, while control glands did not (Fig. 7) .
Immunofluorescence staining of serial sections showed that the Cdc42-negative cells, whether floating in the luminal space or still embedded within the alveoli in CCKO mammary glands, were indeed responsible for the up-regulated expression of CK8 (indicated by arrowheads, Fig. 7, panels a-d) . The floating cells in the CCKO mammary glands did not show cleaved caspase 3 staining (indicated by arrowhead, Fig. 7, panel f) , suggesting that these cells were not removed from the epithelial planes due to apoptosis, which we occasionally detected within alveolar lumens in control mammary glands ( Fig. 7, panel e ). When combined with the findings from the preceding section, these results suggest that CCKO mammary alveolar cells lose their communication with neighboring cells, and thereby gain aberrant migratory capability. This results in their detachment from mammary epithelial planes, thereby resulting in an overall impairment in the development and function of CCKO mammary glands.
Discussion
In this study, we have examined the roles played by Cdc42 in adult mammary gland function during lactation. We show that the conditional deletion of Cdc42 results in a marked underdevelopment of mammary alveoli, thus significantly impairing the ability of CCKO mothers to provide the proper nourishment to their pups. This impairment in the development of lactating mammary alveoli is not caused by a reduction in cell proliferation nor through an increase in cellular apoptosis. Rather, our studies show that CCKO mammary alveoli exhibit a latent and under-developed morphology because their alveolar cells prematurely exfoliate from epithelial planes during lactation, which is the result of structural defects and alterations in cell status caused by the deletion of Cdc42.
At least some of the structural defects are likely the outcome of the inability of CCKO mammary alveolar epithelial cells to maintain proper cell polarity after the onset of lactogenesis. Indeed, the deletion of Cdc42 in pre-pregnant mammary epithelial cells has been reported to disrupt intact epithelial structures during acinar formation, due to defects in apical-basal cell polarity, cell-cell adherens structures, and tight junctions (17, 18) . While Cdc42 has also been suggested to be important for establishing basement membrane structures by controlling stromal-epithelial interactions, as well as for the deposition and processing of extracellular matrix proteins in pre-pregnant mammary glands (16, 25) , we did not detect any disruption of basement membrane structures, nor histological differences in stromal layers, in lactating CCKO mammary alveoli.
One of the most obvious changes accompanying Cdc42 deletion in mammary glands during lactogenesis was a marked reduction in E-cadherin expression at the whole gland-level, as well as the disruption of E-cadherin-dependent cell-cell adhesion structures. At earlier lactation periods (lactation day 5), these changes were observed in a subset of the epithelial cell population within the mammary gland as the cells began to lose Cdc42 expression. However, as lactation proceeded (lactation day 13), the diffuse localization of E-Cadherin was more readily apparent throughout the luminal alveolar epithelia. We attribute this to the non-synchronous deletion of Cdc42 throughout the mammary gland at earlier time-points, leading to more thorough gene deletion as lactation proceeded. While the changes observed at the earlier time periods were more subtle than those at later time points, even these subtle differences in the secretory capacity of the mammary gland can have a large effect on the newborn pups' high demand for nutrients (29) . These data are consistent with reports implicating Cdc42 in the maintenance of E-cadherin homeostasis through its ability to promote the endocytosis and lysosomal degradation of nontrans-interacting E-cadherin, as mediated by the Par protein complex, WASP, and CIP4 (30, 31) , and by preventing transinteracting E-cadherin from being endocytosed, as promoted by IQGAP-1 (32, 33) . Interestingly, the changes in E-cadherin levels observed in CCKO mammary alveoli were accompanied by a significant up-regulation of N-cadherin expression. This led us to examine whether the Cdc42 deletion promoted EMT, whose hallmark phenotype is the shift from the up-regulated expression of E-cadherin to N-cadherin (26 -28) . However, while we did see elevated TGF␤1 signaling through SMAD 2/3, we did not detect the up-regulation of other marker proteins for EMT, including Snail and Twist (26 -28) . Taken together, these data suggest that the deletion of Cdc42 caused a shift in mammary epithelial cell status, but did not induce EMT.
As lactation proceeded, CCKO mammary alveolar cells also exhibited a striking up-regulation of CK8, which has been shown to be expressed in the mammary ductal epithelial cells of virgin female mice, but absent in luminal epithelial cells of the lactating mouse mammary gland (34) . Since the alterations in cell status occurred over an extended period of time following the deletion of Cdc42, these changes might be indirect effects caused by Cdc42 deletion. Apparently, the epithelial cell morphology of mammary alveolar cells, as controlled by Cdc42, has an essential role in maintaining their cell identity. Considering that both N-cadherin and CK8 are suggested to be up-regulated in invasive breast cancer (35, 36) , CCKO mammary alveolar cells, upon losing cell-to-cell contacts and proper tissue architecture, might acquire a shift in epithelial cell identity. This may also explain the ability of the alveolar cells to exfoliate and undergo a premature sloughing off into the lumens.
The lactating CCKO mammary glands exhibited sustained cell proliferation even within the time window when control glands were undergoing the beginning stages of involution (lactation day 20). We also observed a sustained activation of STAT5, which is a key regulator of maturation and cell proliferation in mammary alveologenesis. However, studies using the in vitro three-dimensional cell culture model have shown that the introduction of the dominant-negative Cdc42(T17N) mutant into established acini did not affect the prolactin-induced phosphorylation of STAT5 (18) . Collectively, these results would suggest that it is unlikely Cdc42 directly regulates prolactin-dependent STAT5 activation. Instead, the loss of Cdc42 may give rise to an overall delay in the steps that control the balance between the cessation of cell proliferation and the onset of programmed cell death necessary for proper adult mammary gland function. Indeed, we found the levels of activated caspase-3 to be significantly reduced at lactation day 20 in CCKO mammary glands, compared with controls.
Structural deformities in the CCKO mammary tissue might also explain some of the phenotypes accompanying Cdc42 deletion. In the normal development of the mammary gland after weaning, continued milk production increases intramammary pressure, which inhibits the secretion of hormones promoting milk production, while inducing the secretion of hormones promoting involution (15) . Since CCKO mammary glands are underdeveloped and lose the cell-cell barriers that normally maintain intra-mammary pressure, CCKO mammary glands might fail to secrete hormones that promote involution.
We also analyzed global gene expression changes between the control and CCKO mice at lactation day 5, by using RNA Seq analysis. Of 23,352 genes and 30,608 transcripts analyzed, only 67 genes and 57 transcripts were found to be differentially expressed with significance between the two samples (data not shown). These differentially expressed genes mapped mostly to stress response biological programs, as evaluated using iPathway Guide software, which might be an indirect consequence of the abnormal epithelial cell status and premature sloughing of cells in CCKO mammary glands.
In conclusion, our work and that of others suggest that the physiological functions of Cdc42 can be quite diverse and specific to different cell types and stages of development (16 -18, 25) . Here we have shown that the loss of Cdc42 and the inability of CCKO cells to establish proper cell polarity and cell-cell contacts have severe consequences for the functioning of adult mammary glands. Certainly, an important question for the future concerns how the physiological functions of Cdc42 in normal mammary cells correspond to its aberrant behavior in some forms of breast cancer, in which it is overexpressed (37) . This could give rise to de-regulated Cdc42-signaling activities that interfere with the establishment or maintenance of proper cell polarity. Thus, it is easy to imagine how on the one hand, the impact of altered mammary cell polarity and glandular structure that accompanies the loss or de-regulation of Cdc42 can result in improper mammary gland function and lactogenesis, while on the other hand, the overexpression of Cdc42 and its excessive signaling disrupts normal cell polarity and contributes to the transformed state and the malignant phenotypes that accompany breast cancer progression. A better understanding of these Cdc42 functions during the development of different forms of breast cancer could lead to new strategies regarding how and when to target Cdc42-signaling events as possible anti-cancer therapies. 
